Flufenoxuron, an insect growth regulator (IGR), promoted infection of Bombyx mori nucleopolyhedrovirus (BmNPV) in 5th-instar B. mori larvae, when the chemical was dissolved in acetone and incorporated into the larval diet. The median lethal dose (LD 50 ) of BmNPV was decreased as the concentration of flufenoxuron was increased. Undissolved flufenoxuron did not exert such an effect when it was incorporated into the diet as a powder form. Four other IGRs tested, chlorfluazuron, diflubenzuron, lufenuron and teflubenzuron, had no effect on BmNPV infection.
INTRODUCTION
Insect viruses such as nucleopolyhedroviruses (NPVs) are used in pest control (Shieh, 1989) . For commercial production of the virus, the cost of viral insect control must be competitive with that of existing chemical insect control. The cost of producing a viral product using a large amount of insect hosts is high, hampering industrial production of viral pesticides. If the viral dose that kills target insects could be drastically reduced, the viral pesticide production scale would become smaller, which in turn will lead to an economically-sound viral insect control. Many chemicals have been reported to enhance viral infection (see Goto, 1999) . Among such chemicals, the fluorescent brightener 28 has been most extensively studied (Shapiro and Robertson, 1992; Li and Otvos, 1999) and is a candidate for a viral pesticide additive. A peritrophic membrane in the insects' gut surrounds the food bolus and prevents harsh particles from having direct contact with the midgut cells. Chitin is an important component of that membrane (Richards and Richards, 1977; Hopkins and Harper, 2001; Wang and Granados, 2001) . Fluorescent brightener 28 disrupts the chitinous structure of the insect's intestinal peritrophic membrane, resulting in the disruption of the midgut defense system against micropathogens (Wang and Granados, 2000) .
Chemicals that kill insect pests by inhibiting chitinous epidermal formation serve as insect growth regulators (IGRs; Nakamura, 1998) . Insects administered with IGRs die from failure during molting. In the present paper, it is reported that an insect growth regulator, flufenoxuron, promotes NPV infection in the silkworm, Bombyx mori.
MATERIALS AND METHODS

Insects.
Silkworm larvae (FuyohϫTohkai) were reared on an artificial diet, Silkmate 2S (Nihon Nohsan Kogyo, Ltd., Yokohama), at 25°C with a long-day photoperiod (16L : 8D).
IGRs. The IGRs tested are listed in Table 1 . These chemicals were purchased from Wako Pure Chem. Ind., Ltd. (Osaka) as standard chemicals for remnant pesticide detection. IGRs were administered perorally by incorporating them either in acetone-dissolved or powder form into the diet as follows. (1) An IGR was dissolved in 800 ml acetone and mixed with 38 g crushed Silkmate 2S and 1.2 ml distilled water. The mixture was kneaded well with a medical spurtle in a dish. The diet contained 2% acetone immediately after preparation. The final concentration of the IGR ranged from 10-500 ppm. (2) An IGR in powder form was first mixed with 0.5 g dried mulberry leaf powder in a medical mortar and then combined with 38 g crushed Silkmate 2S and 1.5 ml distilled water in a dish as above. Control larvae were similarly administered the prepared diet without an IGR.
BmNPV polyhedra preparation. BmNPV strain A 505, originally cloned by Dr. S. Maeda, was propagated in BmN4 cells. The cell culture su-pernatant containing BmNPV budded particles was injected into the hemocoel of silkworm larvae (day 1 in the 5th stadium) at 10 4 TCID 50 /larva. Then the larvae were reared on Silkmate 2S at 25°C. Five days after inoculation, the milky white hemolymph containing BmNPV polyhedra was collected from the infected larvae by cutting their prolegs, and was mixed with an equal volume of 150 mM NaCl containing 0.1% phenylthiourea, an inhibitor of hemolymph melanization, and centrifuged at 190ϫg for 20 min. The resultant supernatant was discarded. The precipitation was resuspended in the same volume of fresh distilled water. After 7 cycles of centrifugation and resuspension, the final precipitation was resuspended in distilled water to obtain a polyhedron suspension (7.4ϫ10 8 polyhedra/ml).
Bioassay for NPV susceptibility. The polyhedron suspension was serially diluted tenfold with distilled water and used for the preparation of viral paste, which consisted of dried mulberry leaf powder (0.3 g), 5% sucrose solution (600 ml) and a polyhedron suspension (150 ml). This paste was kneaded well with a medical spurtle in a glass petri dish and divided into 5 parts (0.21 g). Each part was placed in a plastic cup (200 ml) and administered to a 5th-stadium B. mori larva. The viral paste was completely consumed in 24 h at 25°C. Then, the larva was fed 20 g of Silkmate 2S. Larvae were reared until they died of viral infection or spun cocoons. Groups of five larvae were used to assay each viral dose. LD 50 was calculated by the limiting-dilution value and the number of polyhedra in the viral paste using the Spearman-Karber method (Finney, 1964) .
Observation of the peritrophic membrane. Fifth-stadium silkworm larvae that had ingested IGRs were dissected to expose their internal organs. The alimentary canal was cut at a joint between the fore-and midgut. The peritrophic membrane was removed from the midgut with forceps and immersed in distilled water for observation with the naked eye.
RESULTS
Effects of 5 IGRs
Newly ecdysed 5th-stadium silkworm larvae were fed a diet containing one of five IGRs that had been dissolved in acetone to a final concentration of 100 ppm. After 21 h of feeding, about 70-80% of the IGR-containing diet was consumed. Then, the larvae were starved for 3 h and bioassayed for NPV susceptibility. Of the five IGRs tested, only flufenoxuron enhanced viral infection (Table 2 ). The LD 50 of BmNPV in the test larvae was 2.8ϫ10 0 polyhedra/larva, while that in the control larvae was 1.8ϫ10 6 polyhedra/larva. Thus, the larvae that ingested flufenoxuron-containing diet were 6.3ϫ10 5 times more sensitive to BmNPV infection than the control larvae.
Dose effect of flufenoxuron
When 5th-stadium silkworm larvae were fed a diet containing acetone-dissolved flufenoxuron at 10, 50, 100 and 500 ppm for 21 h, the LD 50 values were 2.8-4.4ϫ10 5 , 0.4-4.4ϫ10 3 , 1.1-4.4ϫ10 0 and 0.7-1.1ϫ10 0 , respectively (Table 3 ). The LD 50 of control larvae was 1.8-7.0ϫ10
6 . The results indicated that the NPV-susceptibility increased as the concentration of flufenoxuron in the diet was increased.
Ineffectiveness of undissolved flufenoxuron
Fifth stadium B. mori larvae were fed a diet containing flufenoxuron in powder form at 100 and 500 ppm for 21 h. After 3 h of starvation, they were subjected to a virus susceptibility assay. LD 50 values of larvae that received flufenoxuron at 100 and 500 ppm were at the same level as control larvae that received diet without flufenoxuron (Table 4) . The results indicate that undissolved flufenoxuron did not promote viral infection.
Peritrophic membrane of IGR-treated larvae
Ten newly ecdysed 5th-stadium silkworm larvae were fed a diet containing acetone-dissolved IGRs at 100 ppm or a diet containing flufenoxuron as a powder form at the same concentration. After 21 h of feeding, the larvae were starved for 3 h and then dissected. The peritrophic membrane of B. mori larvae that had been administered acetone-dissolved flufenoxuron was fragile and easily broken into many pieces in distilled water by rough handling. The peritrophic membrane of larvae that received either flufenoxuron in powder form or acetone-dissolved IGRs other than flufenoxuron was so tough that it retained its tubular form after it was removed from the midgut.
DISCUSSION
It is assumed that flufenoxuron interfered with the chitin synthesis of peritrophic membrane producing cells, resulting in an abnormal construction of the membrane and the disappearance of its defensive function. Flufenoxuron will serve as a lead chemical in developing a new synergist of viral pesticides.
Flufenoxuron is an insect growth regulator that inhibits the epidermal chitin synthase, resulting in prevention of the molting (Lee et al., 1990; Nakamura, 1998) . It is not unreasonable to assume that flufenoxuron inhibits not only the epidermal chitin synthase but also the intestinal chitin synthase that produces the peritrophic membrane chitin fibrils. IGRs other than flufenoxuron which were also inhibitors of molting did not have such an effect. Hypothetically, flufenoxuron would have a higher affinity for intestinal chitin synthase than other IGRs. The mode of action specific to flufenoxuron destroying the peritrophic membrane remains to be investigated.
Fluorescent brightener 28 has been shown to promote infection of many NPV species (see Goto, 1999) . In many cases, that chemical was adminis-10 T. Arakawa tered to the host larvae at 1% in the inocula of viral polyhedra for satisfactory infectious enhancement (Shapiro and Vaughn, 1995) . In this study, flufenoxuron was effective at 50 and 100 ppm (ϭ0.005 and 0.01%). Differences in these dose requirements are assumed to have been caused by the action mechanisms of these two chemicals. Fluorescent brightener 28 ingested by insects attaches to chitin fibrils secreted into the intestinal lumen by intestinal cells and interferes with normal assembly of the fibrils necessary for construction of the peritrophic membrane (Herth, 1980; Wang and Granados, 2000) . Thus, a sufficient amount of this chemical to denature all the secreted chitin fibrils must be administered for satisfactory infectious enhancement. Flufenoxuron is assumed to inhibit chitin synthase in intestinal cells. Generally, a minute amount of enzyme produces a large amount of products. Thus, a small dose of enzyme inhibitor is able to diminish the product effectively, which would be the case of flufenoxuron. Targeting an intestinal chitin synthase should be a rational strategy for developing a new viral pesticide enhancer (personal suggestion by Mr. M. Sugiyama at Hokko Chem. Ind., Ltd.). As for the mode of action of fluorescent brightener 28, Washburn et al. (1998) suggested that this chemical blocked the sloughing of primary target cells infected by NPV in the midgut resulting in enhancement of the viral activity. Whether flufenoxuron has such an effect on the infected midgut cells or not should be studied. Flufenoxuron enhanced viral infection only when it was dissolved in acetone prior to being mixed with a diet. It is highly hydrophobic and is nearly insoluble in water. Acetone-dissolved flufenoxuron may persist in a soluble form in the diet and is more readily absorbed by the insect tissues than its powder form. Elucidation of the mode of action of acetone-dissolved flufenoxuron may be important for the development of a new synergist of viral pesticides.
